Abstract--Adsorption studies indicate that paraquat, diquat, and thionine are bound on bentonite by amounts greater than the measured cation-exchange capacity (CEC) of the clay. Methylene blue, new methylene blue, and malachite green are bound by amounts equal to the CEC. The unipositive organocations form aggregates on the clay surface. Aggregation increases with ionic strength and increases the apparent adsorption capacity by 25%. The aggregates are removed by washing with distilled water. Desorption studies show that the dyes are irreversibly bound, whereas the dipositive organocations are reversibly bound. Ionic strength variation reduces adsorption by 15 and 36% in the monovalent and divalent organocation-clay systems, respectively. In the clay-divalent organocation systems adsorption is greater on Na-saturated clay than on K-saturated clay. Adsorption is unchanged over the pH range 4.5-8.5 and decreases steadily below pH 4.0. Changes in adsorption due to changes in temperature are small. The study indicates that ionic strength is the most important variable in clay-organocation interactions.
INTRODUCTION
The interactions between charged organic molecules and clays play an important role in determining the environmental behavior of certain organocations, some of which exhibit herbicidal properties. The transport, persistence, and biological activity of an organocation in an aqueous system is determined by its concentration, which is regulated by the rate of chemical, photochemical, and microbial decomposition and by the extent of adsorption on organic and inorganic colloidal materials (Bailey and White, 1970) . Many workers (e.g., Calderbank, 1968; Gillott et al., 1970; Haque, 1975) have shown that clay has the ability to reduce drastically the effect of herbicides. For example, the herbicidal effects of paraquat and diquat, used in weed control, are greatly reduced in the presence of clay (Calderbank, 1968) . Despite the large body of literature on clay-organocation adsorption in aqueous systems, many studies have had to be repeated in the present work for various reasons. For example, samples collected near the surface of water bodies typically contain suspended sedimentary loads of 1 to 100 me/liter. Many adsorption studies in the literature were carried out with aqueous clay systems containing several grams of clay per liter. In practice, paraquat and diquat are applied as herbicides at the micromolar level (Akhavein and Linscott, 1968) ; however, in previous studies the equilibrium concentrations of these materials were reported at the millimolar level. The present study was carried out using the organocations shown in Figure 1 at the micromolar level and clay at the mg/ Present address: School of Public and Environmental Affairs, Indiana University, Bloomington, Indiana 47405.
Convrk, ht ~ 1981. The Clay Minerals Society liter level, which represents better the situation found in natural aqueous environments.
The adsorption of monovalent organocations, especially methylene blue, on clays has been studied by a number of workers (Pham Thi Hang and Brindley, 1970; De et al., 1973a De et al., , 1973b De et al., , 1974 Bergman and O'Konski, 1963) . However, their conclusions are at variance with regard to the nature of the interactions. Bergman and O'Konski (1963) found that adsorption follows a Freundlich isotherm, whereas De et al. (1973a De et al. ( , 1973b De et al. ( , 1974 showed that the same system follows the Langmuir isotherm. Most of these studies were made using relatively simple conditions of ionic strength, pH, and temperature.
The present work defines the nature of the adsorption between the organocations, methylene blue (MB+), new methylene blue (NMB § thionine (Th § malachite green (MG § paraquat (p2+), and diquat (D 2+) and bentonite clay as a function of (1) ionic strength, size, and charge of the counterion, (2) pH, and (3) temperature. The ability of various inorganic ions to desorb the bound molecules and the tendency of the organocations to aggregate on the clay also are considered. EXPERIMENTAL Materials and methods were described in detail elsewhere and are described only briefly here.
Materials
Crude Wyoming bentonite (from Fisher Scientific Company) was converted to the potassium form by repeated equilibration with 1.0 M potassium nitrate solution. The clay concentration, after removal of larger particles by gravity settling, was determined by filtering 205 aliquots through a 0.20-/~m Nuclepore filter. Dialysis (4.8-nm pore diameter tubing) was used as a check. Filtration has the advantage over centrifugation because it is rapid (less than 5 min was required to filter an equilibrium solution) and the residue can be washed without peptization interference. A typical concentration was 3.21 _+ 0.15 mg clay/ml. The cation-exchange capacity (CEC) was determined by ammonium and calcium exchange (Chapman, 1965) . Both methods gave a value of 62.0 meq/100 g clay.
The organocations were obtained as the hydrated salts, the moisture contents of which were determined by drying under vacuum using Anhydrone as the drying agent. The divalent organocations were standardized by passing 25.00-ml aliquots of the stock solution through a Rexyn 100 cation-exchange resin in the hydrogen form. The protons released were titrated with standard base to a phenolpthalein endpoint.
Methods
The distribution of the organocation between the solution and the clay particles was determined by two methods. The first was a series of bulk adsorption experiments in which 1 ml of clay suspension was added to 40 ml of an organocation solution in a 50-ml polyethylene centrifuge tube. The initial concentration of organocations varied from 0 to 15.4 • 10 -5 moles organocation/liter, and the concentration of clay varied from 75.0 to 115/zg/ml. The suspensions were stirred for 12 hr, and after the pH of the samples was measured, each suspension was filtered through a 0.20-t~m filter. The residue was washed with five 20-ml aliquots of water. The second method for organocation-clay adsorption studies utilized a dialysis bag. Known amounts of the organocation were added to glass jars (250-ml capacity) containing the clay suspension at a known ionic strength. A dialysis bag containing 10-ml of the ionic strength adjuster solution was added to each jar; the total volume per jar was 210-ml. The initial concentration in the jars varied from 0.0 to 3.1 x 10 -5 moles/liter, and the clay concentration varied from 15.0 to 20.0/~g/ ml. The mixtures were agitated overnight on a mechanical shaker. Upon equilibration the dialysate was transferred to centrifuge tubes after thorough rinsing of the bag. The pH of each suspension was measured.
Desorption of the organocations was accomplished by transferring the filter membranes containing the washed clay-organocation residue obtained in the bulk adsorption experiments to centrifuge tubes containing 40-ml of the metal ion solution. Each mixture was stirred for 72 hr and then refiltered.
The aggregation experiments were performed in a similar manner as described for bulk adsorption, except that the filtrates and washings were collected separately. The amount of organocation in the washings was an indication of the degree of aggregation. Controls indicated that the organocations were not adsorbed on the
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centrifuge tubes, filters, dialysis bags, or associated glassware. Table 1 shows the analytical conditions used in this study. For the monovalent organocations, visible spectrometry was employed to determine the amount of unbound dyes. For the divalent organocations, diquat and paraquat, ultraviolet and visible spectrometry were used. For paraquat, the visible method employed a modification of the procedure used by Calderbank (1968) and consisted of adding 1 ml of a 1% solution of sodium dithionite in 0.10 M NaOH solution to 10 ml of the analyte solution. The deep blue solution that developed on swirling was stable for a length of time that was more than adequate for scanning the spectrum from 450 to 370 nm. For those paraquat analyses that could not be done under basic conditions, ultraviolet spectroscopy was used. For diquat analyses the dithionite method offered no advantage over the ultraviolet method because the color of the diquat solution developed poorly and degraded rapidly. The amount of organocation adsorbed was determined by difference. Unless otherwise stated, the ionic strength was adjusted by using a salt solution containing the same inorganic cation as on the clay. For example, for Na-bentonite the ionic strength of the suspension was adjusted with Figure 2 . Adsorption isotherms for washed and unwashed (inset) clay/MB systems. 9 Na-clay/MB, I = 0.00; ~7 Na-clay/ MB, I = 0.50; A K-clay/MB, I = 0.00; 9 K-clay/MB, I = 0.50. Inset: 9 Na-clay/MB, I = 0.00; A Na-clay/MB, I = 0.50; Point size reflects experimental uncertainty. I is expressed in mole/liter, and X is the amount of dye adsorbed. NaC1. The pH was adjusted with HC1 or NaHCO3 solution.
RESULTS AND DISCUSSION
Adsorption isotherms for clay/monovalent and clay/ divalent organocations are shown in Figures 2 and 3 , respectively. The inset of Figure 2 shows the adsorption isotherms for unwashed systems, i.e., those in which the residues on the filter membranes were not washed. The data in these figures indicate that for the washed systems the adsorption rapidly reached a maximum and remained invariant with increasing concentration of organocations, However, for the unwashed system, adsorption increased with increasing concentration, i.e., no adsorption maximum was observed. This behavior was observed in all clay/monovalent organocation systems tested but never in the clay/divalent organocation systems. The adsorption data for the washed monovalent organocation systems (Narine, 1980) and the divalent systems, Figure 3 , obeyed perfectly the Langmuir isotherm; in contrast, the unwashed systems, Figure 2 (inset) obeyed the Freundlich isotherm (Narine, 1980) . Many workers (e.g., Ghosh, 1970a, 1970b; Mukerjee, 1970a, 1970b; Hertz et al., 1968; Hertz, 1977) have observed that dye molecules, of which the monovalent organocations are a subgroup, tend to aggregate; that is, stack in aqueous solution, forming dimeric and polymeric species. They suggested that various factors contribute to this process among which are greater dispersive interactions and hydration effects on aggregation. In a clay/dye system it is possible that aggregation may be enhanced by the following factors: A dye molecule adsorbed on the clay will have its positive charge neutralized, hence, dye-dye repulsion due to similarity in charges should be reduced. There may be increased attractive dispersion forces between the dyes because the positive charge of the aggregating molecule can now interact to a greater extent with the r-electron system of the adsorbed molecule. The dye molecules at the clay surface may act as "nuclei" for stacking because of their greater localized concentration there; that is, the clay surface may act as a hydrophobic surface encouraging association between the large aromatic molecules. If the above arguments hold, aggregation in clay/dye systems should be observed at lower concentration levels than those used in the studies of the above authors. The data in Figure 4 show aggregation to be a function of equilibrium concentration. Table 2 shows that aggregation began as soon as the binding maximum was reached. Thus, the above arguments in favor of enhanced aggregation in clay/dye systems may be valid. In Figure 4 the differences in the slopes of the curves at the two ionic strength levels are due to the fact that different initial concentrations of methylene blue were used in each study.
For the washed dye/clay systems (Narine, 1980) it was observed that binding decreased by 15% as the ionic strength (I) of the systems rose from 0 to 0.50 moles/ liter. Aggregation and its consequences on binding as the ionic strength increased are shown in Figure 5 . It is clearly seen that aggregation (curves 4, 5, 6), as measured by the amount of dye washed off the residue per 100 g of clay, increased with increasing ionic strength and that the apparent adsorption capacity (curves l, 2, 3) of the clays increased by as much as 22%. 
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Figure 5. Effects of ionic strength and structure of organocations on aggregation and adsorption capacities in K-clay/dye system. Upper curves (1, 2, 3) measure adsorption capacity, 9 K-clay/Th, 9 K-clay/MB, 9 K-clay/MG; Lower curves (4, 5, 6) measure aggregation, OK-clay/MB, O K-clay/NMB,/% K-clay/MG. X is the maximum adsorption and aggregation capacities.
The aggregation curves of Figure 5 show that the planar monovalent ions, methylene blue, new methylene blue, and thionine aggregated to a much greater extent than malachite green. This suggests that still another geometrical relationship, in addition to those outlined above, may influence aggregation. The structure of malachite green (Figure l) may permit a twisting of the substituted aryl ring to a "propeller-like" configuration (Wheland, 1960) which would serve to minimize stress. This twisting may prevent the molecule from assuming a planar configuration, and hence cause reduced aggregation.
Of the organocations, methylene blue has found considerable usage in the determination of cation-exchange capacity (CEC) of clays (Pham Thi Hang and Brindley, 1970; De et al., 1973a De et al., , 1973b De et al., , 1974 Bergman and O'Konski, 1963) , The CECs obtained in the present study at zero ionic strength (Table 3) are different from those obtained by the above workers who studied similar Wyoming bentonite systems. Some of the discrep- ancies may result from different clay sizes, <2.0-/zm for literature values and >2.0-/zm for most of this work. However, the Na-bentonite samples used in the present study z consisted entirely of particles whose sizes were <2.0-/zm, and the methylene blue CEC agrees with the value of Schramm and Kwak (1980) . Hence, the discrepancies may be due to aggregation effects because the above workers (De et al., 1973a (De et al., , 1973b (De et al., , 1974 Bergman and O'Konski, 1968 ) used centrifugation to separate the clay-dye complex from the decantate. Centrifugation can result in sedimentation of the stacked dye molecules and, because a washing step was not included at this point, the aggregated amounts will be included in the CEC estimates. The bulk method used to generate the data in Table 3 included a thorough washing of the residue. For washed methylene blue/clay systems showed that the amount of inorganic cation released is equal to the amount of dye adsorbed. In the case of the K-saturated clay/diquat (K-clay/D z~) system they found that 101.0 -2.0 meq of diquat was adsorbed on 100 g of clay, but that only 63.0 _+ 2.0 meq of K § was released. A similar result was obtained for paraquat. These results suggest that divalent organocations have the ability to remove other ions in addition to K § such as those released by hydrolysis of the clay suspension and/or those held on the clay surface by hydration and electrostatic forces (Bailey and White, 1970) . This argument is further strengthened by the fact that the CEC of Na-bentonite, measured under conditions where hydrolysis was negligible, was 93.0 _ 3.0 meq K+/100 g clay. This value decreased to about 80.0 meq K+/100 g clay under aqueous conditions (Schramm and Kwak, 1980) , suggesting that paraquat, diquat, and, perhaps, thionine can displace the adsorbed hydrated ions.
Considering the above data, it is apparent that, except for the pre-cleaned Na-bentonite, the adsorption capacity of the clay for the organocations is in the following order, Th + > D 2+/> p2+ > NMB § > MG § > MB § at zero ionic strength. The effect of ionic strength 2 Na-bentonite was prepared by the ultrafiltration/dialysis method of Schramm and Kwak (1980) . Adsorption in K-clay/P ~+ systems at high and low concentrations of paraquat at all ionic strength levels used in this study. A K-clay/P2+; initial concentration of paraquat, 69.1/zM; 9 K-clay/p2+; initial concentration of paraquat, 13.2 /xM. Point sizes reflect experimental uncertainty. X is the amount of bound organocation.
on the adsorption of the divalent ion for the clay systems (Table 4) indicates that sorption in these systems was more sensitive to ionic strength variation than was observed for the dye system. For example, in both divalent organocations/clay systems adsorption decreased by 36% as the ionic strength increased from 0 to 0.5 moles/liter. In addition, the amount of adsorption depends on the inorganic counterion on the clay. For systems using K-clay, adsorption was consistently lower than for those employing Na-clay. These data suggest that differences in the hydrated radius of K § and Na § may be responsible for the differences in adsorption. No aggregation effects were observed for diquat/ and paraquat/clay systems at any ionic strength.
Of all the organocations, only paraquat exhibited a mass action effect. The lower curve of Figure 6 depicts adsorption at a paraquat concentration that is five times lower than that used to generate the upper curve; in each case, however, the amount of paraquat was sufficient to saturate the clay.
It should be recalled that two methods, bulk (filtra- Table 4 . Adsorption ~ of diquat and paraquat on clay as a function of ionic strength and ionic radius. Figure 7 . Effect of paraquat on the adsorption of diquat; y-axis measures the amount of diquat bound in mmole/100 g clay; x-axis measures the equilibrium concentration of diquat; 9 K-clay/D2+/P2+; K-clay conc., 114/,~g/mi; A Na-clay/IM+/ p2+; Na-clay cone., 94 p,g/ml; O K-clay/D2+/P2+; K-clay conc., 20/tg/ml. Point sizes reflect experimental uncertainty; data generated via dialysis. X is the amount of organocation adsorbed. tion) adsorption and dialysis, were used to determine adsorption capacity. The lower curve in Figure 6 was generated by dialysis which resulted in lower paraquat concentrations. It is therefore important, at least in the case of paraquat, to specify the method used to generate the data.
The amount of organocation released from the clay after exposing the washed organocation-clay complex to 0.5 M solution of metal ions (Table 5) shows that methylene blue was held irreversibly on the clay, whereas diquat was displaced by as much as 25% of the amount adsorbed. Also, micromolar concentrations of paraquat released an inordinately large amount of diquat, suggesting that severe competition existed between these ions for the adsorption sites on clay. The results of an equimolar competition study (Figure 7 ) in- Figure 8 . Effect ofpH on adsorption ofparaquat and diquat; A K-clay/D 2+, I = 0.01; O K-clay/P2+; I = 0.01; paraquat data generated by dialysis. I is expressed in mole/liter, and X is the amount of organocation adsorbed. dicate that the competition was strongly dependent upon the initial concentration of clay and organocations. At higher clay levels, as is shown on the upper curve, more exchange sites were available to adsorb both diquat and paraquat, When the amount of organocations exceeded the CEC, the amount of diquat adsorbed decreased rapidly because of the competition.
Variation in adsorption as a function of pH is shown in Figure 8 . Here it is seen that over the environmentally important pH range of 4.5 to 8.5, the adsorption changed slightly in the clay/D 2+ an d clay/P 2+ systems. At pH > 4.0, adsorption decreased fairly rapidly, suggesting that hydrogen ions competed effectively for the adsorption sites on the clay. Similar changes were observed for the clay/dye systems. When the temperature was changed from 3 ~ to 55~ adsorption decreased from 69.3 __+ 3.0 to 64.0 _+ 2.0 meq MB/100 g clay, for a K-clay/MB system. Similar changes were observed for other dye/clay systems; however, in the clay/divalent organocation systems the change in sorption was smaller.
The results of this study indicate that adsorption interactions in clay/dye systems are different in many respects than adsorption interactions in clay/divalent organocation systems. The adsorptive force in clay/ divalent cation systems is mainly an electrostatic ionexchange force, whereas in the clay/dye systems, forces other than electrostatic are indicated. In the unwashed clay/dye systems the adsorption followed a Freundlich isotherm (Narine, 1980) , which agrees with the work of Bergman and O'Konski (1963) ; whereas in the washed system, the data followed the Langmuir isotherm as De et al. (1970a De et al. ( , 1970b De et al. ( , 1974 indicated. These workers did not include a washing step in their procedure. These workers also showed that the adsorbed dye can be displaced from the clay surfaces. However, from the present work it can be seen that a thousandfold increase in salt content, relative to the organocation, released 1% of the adsorbed dye. A similar increase in salt content removed 25% of adsorbed diquat. Thus, ionic strength exerts the greatest influence on clay-organocation adsorption.
CONCLUSIONS
From the above investigations, it can be concluded that (1) adsorption of organocations on clay is most sensitive to changes in ionic strength; (2) bentonite clay exhibits a greater affinity for paraquat than for diquat; (3) monovalent organocations bind more strongly on the clay than divalent organocations, (4) for divalent organocations, diquat is more easily displaced than paraquat; (5) for monovalent organocation/clay systems, adsorption is complicated by aggregation effects.
